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Notation

plane area of propeller race over rudder
planeform area of rudder
cross sectional area of thruster opening
airfoil drag coefficient
° non-dimensional wave drift moment sbout ship z axis
pador rudder drag coefficient, coplanar to rudder centerline
< nen-dimensional wave drift force in direction of ship x axis
non-dimensional wave drift force in direction of ship y axis
airfoil lift coefficient
ralder rudder lift coefficient, normal to rudder surface
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propeller diameter
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moment about ship z axis
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force in ship x axs direction
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force in ship y axis direction
gravitational acceleration
yaw mass moment of inertia

advance coefficient
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advance coefficient based on torque
advance coefficient based on thrust

open water propeller torque coefficient

open water propeller thrust coefficient
ship length
turning radius to ship center of gravity
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turning radius to point on the ship centerline
turning radius to point off the ship centerline
turning radius to rudder

ship mass

revohitions per minute

revolutions per second

propeller pitch/dismeter ratio

effective horsepower (EHP)

torque

resistance force

transfer function amplitude

yaw rate

wave spectra

thrust

wave modal period

non-dimensional wave modal period

ship draft

surge velocity, in ghip coordinate system
surge velocity relative {o current, in ship coordinate system

DTIC QUALITY INSPECTED §

surge velocity relative to wind, in ship coordinate system | docession For E

. | NTIS GRAsI
velocity, senml_ DTIC TAB &

i of ad Unannounced

ship velocity magnitude relative to current i

_Dbistributiens
.__4vailabliity Codes

velocity of current




< «& < <
i &t

o~

<

Be
Ber
i
ﬁmd

velocity at rudder

effective velocity over rudder

velocity of wind

sway velocity, in ship coordinate system

sway velocity relative to current, in ship coordinate system ’
sway velocity relative to wind, in ship coordinate system
separsation distance between propeller and rudder

rudder distance from ship center of gravity (positive forward)
thruster distance from ship center of gravity (positive forward)
earth fixed coordinate system axes

coordinates of ship center of gravity in earth fixed coordinate system
ship coordinate system axes

translating coordinate system axes

distance of pciat off the ship centerline (positive to starboard)
seperation distance between propellers

blending function for ship speed

blending function for relative heading to the waves

drift angle

drift angle relative to current

drift angle at point on the ship centerline

drift angle at point off the ship centerline

drift angle at mdder

random phase cngle
rudder angle
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fiow straightening angle
transfer function phase angle

surge, sway, heave, yaw, roll, and pitch in seakesping coordinate system
water density

compass angle of direction of current flow

compass angle of direction of wind

compass angie of direction of predominate waves

yaw angle

wave frequency
eacounter frequency
thrust wake fraction
torque wake fraction
thrust deduction factor




Abstract

This report documents the mathematical model of a combined
maneuvering, stationkeeping, and seakeeping simulation computer
program. The model features a mix of physical based models for the

propulsion systems and control surfaces and hydrodynamic coefficient
based hull forces. The approach jfollows the concept of the modular

maneuvering model A quasi-steady assumption is utilized for the
seakeeping motion effects. This allows the calm water maneuvering
moticns to be calculated separately, and the six degree for freedom linear
response in waves superimposed. The effects of wind, current, and second
order mean drift forces are included

Administrative Information

This work was funded by the Coastal Systems Station, Panama City, Flonda, under Work
Request WX31004 and is identified at CDNSWC by Job Order Number 1-1561-314.

Introduction

The Carderock Division of the Naval Surface Warfare Center (CONSWC) was tasked by
the Coastal Systems Station (CSS), Dahlgren Division, Naval Surface Warfare Center, in Panama
City, Florida to develop a simulator model for ship n;aneuvering and stationkeeping, including
seakeeping effects. The simulator is to be incorporated into a team training simulator for the
MCM-1 (Avenger) class of mine hunter vessels. Training scenarnios will cover all aspects of the
MCM mission; mine sweeping, neutralization, and transiting. As such, the operator of the
simulated MCM will be required to independently op »rate both the controllable/reversible pitch
propellers, bow thruster, and rudders over the fuli speed’ range of the MCM in wind, waves, and

current.

The basic physical requirements for the combined maneuvering simulator were to operate
in real time on an Inte] 80386/80387 personal computer operating at 25 MHz, and be written in
the FORTRAN programming language using ro machine specific modules. The eventual platform

for the simulator program wiil be a Silicon Graphics model 4440 workstation operating at
40MHz. The source code will be translated by CSS into the ADA programming language for final




inclusion into the team trainer system. In the final form, the simulation will be running at 2 16Hz
sample rate with approximately 20 to 30 milliseconds aflowed for each time step.

In developing & computer program to satisfy the stated requirements, two different starting
points wee evaluated. First, one of the existing maneuvering programs available could be used
and extengive modifications made to it in order to support the zero speed special case for
stationkeeping [1,2,3]'. Second, a new program could be written from scratch. Bither option
would have 1o be coupled with a wave induced ship motion calculation methodology. The second
option of & new program was selected because intrinsic support for zero speed and reverse and
sidewise motions could be built directly into the modal. In addition, a new program could be
written in a streamlined, minimal form for computational speed, which is easier than trimming

In developing this simulator model, th.ere were several other considerations aside from the
basic contractual specifications. The development of this simulator was to be the first opportunity
at CDONSWC to develop & maneuvering model based on the modular maneuvering mode! concept.
The modular model concept differs from the traditional approach in several ways. The traditional
approach is to use hydrodynamic coefficients derived from a Taylor series expansion of the forces
and moments acting on a vessel {4]. The modular modeling approach treats the components of the
forces and moments separately. For example, the forces due to the rudder are composed of the
basic forces from the airfoil in a flow, the interaction of the hull on the rudder (expressed as flow
blockage and straightening effects), and the interaction of the propeller on the rudder (through
flow acceleration and straightening due to the propeller race). The forces on the hull would
likewise be comprised of the bare hull forces and the interactions of the rudder and propeller on
the hull. Implicit in the modular model concept is the use of physical based models for each of the
components {S].

The modular maneuvering mode! offers several advantages over the coefficient based
model. Since each component effecting maneuvering performance is separate in the modular
model, changes can be isolated. This includes changes to program source code and model as well

'Rafarances in brackets are Listad at the end of this report.




as changes to the ship design. For example, the effect of & different size or shape rudder is isolated
to the rudder model and the interactions on other components. Hence, the hull force mode! or
propelier force model remain unchanged. This is particularly useful in preliminary design where
different concepts are investigated. In later phases of design, model test data may be available for
a baseline design. The design can then be modified with different propellers or rudders without
necessarily invalidating the previous model test work.

By using the modular maneuvering mode! concept for this simulator, the program could be
written in 2 highly structured manner with clear divisions between force and moment contributors.
This facilitates better internal documentation of the source code and allows easier maintenance

and future expansion of capabilities.

This report documents the development of the combined maneuvering, stationkeeping, and
seakeeping simulation mathematical models used in the computer program. A separate
programmers manual documents the computer program source code as implemented for the
MCM class®.

Combined Maneuvering, Stationkeeping,
and Seakeeping

In developing a time domain model of ship maneuvering in waves, there are several
problems to be considered. There are frequency dependent coefficients in the equations of motion,
unsteady ship speed and heading, effects of the past history of & body's motion (memory effects),
and first and second order wave induced oscillatory exciting forces. Previous attempts to model
ship maneuvering in waves have generally focused on the specific problems of course keeping
ability, or capsizing and broaching. Few complete models that can represent general maneuvering
in waves have been developed, with even fewer implementations of those models [6]. In general,
such models are large, cumbersome, expensive, and not well suited to preliminary design

applications or real time, man-in-the-loop simulations.




The approach taken here is to decouple the relatively slow maneuvering motions from the
relatively faster seakeeping motions. This is accomplished by calculating the calm water
maneuvering motions and adding the linear seakeeping responses. The advantage of this method is
that the seakeeping motions can be pre-computed outside of the maneuvering simulation. Figure 1
shows the conceptual model that was developed as a framework for the development of the
components of the model.

It is important to note that estimation or experimental determination of the hydrodynamic
characteristics of each component of the ship (hull, rudders, props, etc.), it is assumed that the
body is moving with sufficient speed and has sufficient surface roughness to insure that the flow is
fully turbulent. However, the simulation mode! has the capability to operate at very low speeds
where the flow could be laminar. No attempt is made in this model to account for hydrodynamic
differences between laminar and turbulent conditions.

Coordinate Systems

Within this simulator model, a multitude of coordinate systems and frames of reference are
employed. The standard coordinate systems for ship motions and maneuvering are different from
each other by a 180 degree rotation about the ship's x axis. The bottom of Figure 2 shows the
orientation of both coordinate systems [4]. In this work, the standard maneuvering coordinate
system will be used unless explicitly stated. Figure 2 shows the translating ship coordinate system
(x.y), the earth fixed coordinate system (X',Y"), and the ship reference coordinate system (x,y).
The positive sense of the rudder and drift angles and propeller and bow thruster thrust are also
shown. The origin of the ship coordinate systems are at the ship's center of gravity. Current and
wind speed and direction and predominate wave direction are specified in earth fixed coordinate
system using compass heading angles.

Maneuvering Equations of Motion

The general, nonlinear equations of motion for a maneuvering ship in the horizontal plane

(without roll) are given in Reference 4,




m(ﬁ - V‘l’) = 2Fy
m(\'r + lnb) » XFy
Iz = ZM, (1.

The cross product terms on the left side of the x and y equations are the resuit of these equations
being written in the ship coordinate system. Rewriting these as a set of first order differential
equations,

U= (v +XF)

6 = %("ur + xFy)
t=L3F, Q)

where v has been replaced byr.

Relating the ship coordinate system back to the carth fixed coordinate sysiem yields another
set of first order differential equations,

Xpos =U SINP+V COSYP
Y poe =U COSY~V sinY 3).

Equations 2 and 3, when taken together, form a set of five, first order nonlinear state
equations. The general form is given by
X = A(X)+B(U,X) @).
Solution of the time evolution of these equations is performed by first order Euler time step,
X* «X® 4+ [A(X") + B(U", X")]At ).
The first order Euler method is generally stable (for dynamically stable ships) and will not
propagate errors if the time step size is small compared to the speed of ship maneuvering

motions.

External Forces

If we disregard the seakéeping aspects of the problem for now, the total external forces and
moments acting on a8 maneuvering ship are represented by 2F,, ZFy, and ZF, . These summations
can be expanded into components for the hull, rudders, propellers, thrusters, wind, and waves [4].




TPy = Fre + Froie + Frpope * Frocun + From + Frone
ZFy-Fy_ + Fym + Py” + Fy“ +Fy'“ + Fy-“
ZFp = Fogy + Foue + Fopu * Frgruw + Fogus + Foyum (6).

Current Effects

Hull forces are due to the rotation and translation of the vessel through the water. In order
to include the effects of a current, the relative velocity between the ship and the current must be
calculated.

U =VeosP + Veurex €05 ($oumex — V)
Ve =-VsinP — Vourset S0 ($ouren —Y) )

where the ship velocity and drift angle are
-
B - y-arctanz® ®
and the drift angle is considered zero if both the X and Y_, velocities are zero. The velocity and
drift of the ship relative to the current is therefore

Vc - J“g +V§

]

Be = arctan 3+ ).
Using the relative velocity through the water requires that the surge and sway equations in
equation 2 be rewritten as

Ue = L(ver + ZFy)
Ve = S(=uor + ZFy) (10).

Equation 3 must then te corrected for the current and written as

Xpos =lsiny+vcosy
Y poe =UcCOSYP~Vsiny (11)

where
ﬁ-ue-VWOOS (P - Pourrent)
VoV o+ V aurrent S0 (P = S ourrent) (12).



Hull Force Model

As stated in the introduction, the traditional approach to modeling hull forces has been to
assume the linearity of forces and expand them with a Taylor series expansion. This is still the
most straight forward approach to developing hull forces as a function of surge, sway, and yaw
motions. Here we will not include the effects of rudder, props, or bow thrusters in the expansion
by considering the bare hull only,

If the hull forces are considered to be functions of surge, sway, and yaw motion only , we
may write
. OFy.
Fya=sovt3vi + et 3t + g

OF, . 3Fp g . OFp . oFn 3 . Pg.. 3Fy.
Fopa = S2vH20v2 + Z2rbonrd 4 Zein Tap (13)

where the higher order terms have been omitted. The derivatives, also known as hydrodynamic or
maneuvering coefficients, are usually written in a shorthand notation such that
a—:} =Xy, f;} =Y,, and %- =N,, for example. The acceleration terms Y, Y ¢, N ¢, and N;

basically represent low frequency added mass effects [4].

Hydrodynamic coefficierts can be obtained from captive model tests, estimation, or system
identification from fuil scale trials or free running model experiments. Each of these methods has
their own merits and drawbacks. A discussion of these is beyond the scope of this document and
the reader is referred to the references [4,7,8,9].

The normal practice is to express the hydrodynamic coefficients in non-dimensional form,
for example
Yy (14).

-
LeLivi

Here, the velocity in the denominator is the relative velocity through the water. When a
non-dimensional hydrodynamic coefficient is used to calculate the non-dimensional force or

moment, it implies that the associated variable (v in the example case of equation 14) to be

raultiplied is also in its non-dimensional form. Hence, the dimensional force is obtained from




summing the products of the non-dimensional coefficients and associated non-dimensional
variables, and then multiplying by the factor 1pL?V? (L’ for moments)

Within the series expansion for the x force, a term has been added to account for the hull
regigtance, The effective power (EHP) curve is represented as a polynomial curve from which the
hull resistance is obtained,

Pe(V)=V?[e1V+ e V2 + eV

Ry~ 3R (15).

The polynomial coefficients are obtained from curve fits of upright straight line (zero drift angle)
resistance tests [10]. The ship speed used in this implementation will be x component of the
relative speed through the water (u,). In the special case of zero ship speed, the resistance is zero.

Rudder Force Model

The rudder is the primary control surface by which directional control is maintained. In
order to determine the forces acting on the rudder, the actual flow velocity and direction at the
rudder must be determined from the general motion of the ship. Figure 3 shows a schematic
representation of a ship in a turn. If the velocity components of the ship center of gravity (cg) and
the yaw rate are known then the drift angle, turning radius, and inflow angle at the rudder is
calculated from

Lg=V./r
Lrua =sign(r) J (XrudCOS t?oc)2 + (Log-Xruasin tl,,)2

Brus = B-sign(r)arctan(p 2k )

Viug = JrLodl
a=Pug+d-¢ (16).

In the case of r=0 and V= 0, then the turning radius it infinite and Bruas = B and V=V ,. The
rudder angle is given by the commanded rudder angle up to the point that a set maximum rudder

rate is achieved.

When the point is not on the ship centerline, an additional correction is required. If the
turning radius and drift angle of a point on the centerline is L, and fcy, then the turning radius
and drift angle of a point off the centerline is




2

L =sign{Ler) J (yptsin ﬂa,) : + (La. — ¥ COS 5:!-)

B = B +sign(Ley Jarotan (55=5) an.

The correction, € in equation 16, is a flow straightening coefficient which represents the
blockage of the hull to the flow. It has been seen that the flow straightening is primarily dependent
on the geometric drift angie at the rudder, Bna [11]. A relation derived from the data presented in
Reference 11 is employed,

£ =Co+C1 Prud+C2P g tCiB g (18)
where it is assumed that & » 0 if |Bu4| = 90 degrees.
There is an additional interaction effect on the effective flow velocity when the propeller
race is directed over the rudder [12],
Vi, - -‘:‘i{(l = W) V1uscos Brug +kVe ]’ + A—';‘ﬁ(l - W) V308 Brus (19)

where

Vo w ]l «Wp)V0acosBra + ./ (1 - wr)Vasco52Prud + §K-pn’Dz
k=0.5+0.26527tanh (1.2775E) +0.17533 tanh (2.555E)
g - ZXWID (20).
Some portion of the propelier race will be directed over the rudder when: u>0 and p/d>0 , and
possibly u <0 and p/d>0.

The forces acting on the rudder are given by the lift and drag coefficients. As the rudder will
operate in a diversity of flow conditions, lift and drag characteristics are needed for forward,
reverse, and sideways flow [13]. Like the hull hydrodynamic coefficients, rudder lift and drag
coefficients are generally determined in a fully turbulent flow condition. These coefficients will be
used at all times in the simulator model even if the flow speed and geometry at either port or
starboard rudder would in fact be indicative of laminar flow.

Lift and drag are defined respectively as parallel and normal to the flow. In order to obtain
the forces acting on the hull, a transformation is performed from the flow reference frame to the
rudder reference frame and finally to the moving ship's coordinate system. This is done using



Clrwe =CrLoosa+Cpsina
Cp,. =Cpeosa-Cysino 1

Fy = (Cp, cosd - ansinb)(fp{/"fw&)
Fy = (~Cppue 0080 ~ Cru8in8){ 1pVruas)
Fy =Fy*Xrus (22).
Though the rudders on the MCM operate together, each will experience a different inflow
geometry and potentially different propeller races. Therefore, the forces and moments should be

calculated for each rudder separately and summed together. The machinery model for the steering
gear imposes limits on the extremes of position and the maximum rate of change of position.

Propeller Force Model

The propellers are the primary means for the ship operator to control the speed of his
vessel. They also provide some directional control when the two propellers are operated
individually at different speeds and/or pitch settings.

Since the MCM has controllable reversible pitch (CRP) propellers, the full four quadrant
open water propeller performance at all pitch settings must be modeled. The open water propelier
data is represented as curves of thrust and torque coefficients (K and K, respectively) over a
range of negative and positive advance coefficient, J [14]. These are defined as

=Ye -1 -3
J=5 ,and Kt Tt and Kq Toup? (23)

where V_ ig the speed of advance through the water, n is the propeller speed, D is the propeller
diameter, T is the propeller thrust, and Q is the propeller torque. For the purposes of this model,
the speed of advance is

Ve =V(1-wr) 24)
where (1-w,) is the thrust waie fraction and V is the x component of the velocity of 2 point at the
propelier hub (refer to the discussion in the previcus rudder force section). The thrust wake
fraction represents a blockage effect of the hull on the flow to the propeller and is usually




determined by powering experiments. In straight line motion (zero drift angle), the wake fraction
is the measured vaive from experiments {10]. However, as the ship maneuvers and operates at
non-zero drift angles, there will be less blockage by the hull on the flow to the propellers. For
inflow angles less than 90 degrees, a cosine squared correction is used,

(1 “W‘r) - Sinzﬁm + (1 - WT)‘M)WSzﬁm (25)

and (1-w,)=1 for angles greater then 90 degrees. Here By is the drift angle of a point at the
propeller hub. Since the propellers are operated independently from each other, the V in equation
24 and Bpep in equation 25 should be calculated for both port and starboard propeliers.

A polynomial curve fit for each K and K, curve is made for each pitch/diameter (P/D)
value and both positive and negative J. Reference [15] gives twelfth order polynomial coefficients
for the MCM design propeller. In order to obtain the operating values for either port or starboard
propeller, the polynomials are evaluated at the appropriate value of advance coefficient. Linear
interpolation is used between curves to the actual propeller pitch/diameter setting. The engine
model (to be discussed later) determines the rpm to be used in calculating J for the port and
starboard props.

Having the total thrust from the K values, it must be decreased by using the thrust
deduction factor. Thrust deduction is corrected for non-zero inflow angles in a similar manner to
that used on the wake fraction in equation 25. Propeller thrust acts only along the longitudinal
direction of the ship hull. No oblique flow effect are included except for the wake fraction and
thrust deduction factor corrections. As a result, and by assumption, no side forces are exerted.
The forces and moments delivered by the prcpellers to the ship are given by,

Fx =Kx(1-0)(4pn*D*)

Fy -)9.0
F, = +'2F, (26).

For the yaw moment, the positive sign is taken for the port propeller and the negative for the
starboard propeller.

11




Bow Thruster Force Model

The bow thruster is an auxiliary device for providing directional control. The MCM class of
vessels use the Omni Thruster™ bow thruster. This device is different from the more conventional
tunne! type thrusters. The Omni Thruster™ use; a sea chest in the keel for 2 water inlet and then
splits the flow to either a port or starboard side outlet. For the purposes of this simulator, a
relatively simple model will be used.

The ship operator will issue a thruster command of between +100% and -100% thrust. A
second order polynomial is used to transform the command setting to the full scale thrust. The
data needed to perform the curve fit is usually provided by the thruster manufacture and should
assume no forward speed. Forward speed degradation effects have been studied by Chislett and
Bjorheden [16] and McCreight has performed curve fits of the published data [12]. The thruster
forces can be determined from

Fx - 0.0
Fy =Tlexp (-13.3m*) + 0.627396m-0.385772m? +0.124873m3]
Fa = [T+(1 - 22)(Fy~T) Xaroeter @7

where

JTloAr
and T is the thruster thrust with no ship velocity. It is assumed that m=0 if T=0. For a ship
moving aft, it is assumed that there is negligible degradation. This is represented here by m=0 for
|B.] > 90 degrees. The velocity and drift angle at the thruster should also be calculated for the
ship in a turn using the method outlined in equation 16.

Wind Force Model

In a manner similar to the current and relative speed through the water, a transform between
the wind speed and direction in the earth fixed reference system and the ship reference system is

given by
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Uw = VeosP + Vi 08 (duing — )
Vw = -VsinB - Vg i (Puins - )
Vo= Ju% +V3-
Bw = arctang> (29).
The sway force and moment coefficients are defined as the side forcs and yaw moment
(non-dimensionalized) acting on the ship when the wind is blowing across the port beam. The
surge force and moment coefficients are defined when the wind is blowing across the bow. The
total force and moment contribution from the wind is a blended value of the two sets of wind
force and moment coefficients [12],
Fy = $pu Vi(AreasCr cusBu)
Fy = %p.ﬁV?,(Area,C,ﬂﬁnﬁ.)

The negative signs are due to the wind drag opposing forward motion.

Wave Drift Force Model

The wave drift forces being addressed here are the mean value, second order wave drift
forces. This is an acceptable model for use in real time man-in-the-loop s'mulation where
calculation of the full time varying second order forces would be burdensome. The mean wave

drift forces are represented by
Fx = pEBC1ACp (T, bwe)
Fy= PBLglpCD,(T'o. Punw)
Fu - PSLZQLG CD;(T' [ é\n‘n) (3 I)
where
T'o=To/8/Tx (32)

is the non-dimensional wave modal period [12].

McCreight and Jones have investigated the wave drift forces on an MCM model in
uni-directional regular seas [17]. Since then, McCreight has developed an unpublished
interpolation method for the original model test data. The non-dimensional wave drift force




coefficients used in the simulation computer program are determined by interpolation of the test
data.

Engine Machinery Model

The USS AVENGER (MCM-1) is powered by four Waukesha LN 1616 DSIN diesel
engines geared to two Transamerica-Delaval reduction gears. There are also twin light load
electric motors that can be used. This simulator model will assume that two diesel engines driving
one shaft are represented by one single large engine driving its own shaft with no cross coupling
between shafis. No model for the light load motors is included.

A basic model for a diesel engine is a constant torque model [18]. Within the
implementation of the constant torque model, engine throttle settings are given as 0 to 100% such
that 100% throttle produces maximum engine torque. Limits are placed on the rate of change in
produced engine torque. In addition, the shaft speed is limited to 2 maximum value as is the
rotational acceleration of the shaft. The rate of change of propeller pitch is also limited to a set
maximum value [19].

For a constant torque, the shaft speed is not specified and must be backsolved using known
characteristics of the propeller and the flow conditions at the propeller. Since this model must
perform stationkeeping as well as general maneuvering, there are several special cases that must
be accounted for. In addition, since reversible propellers are used, the shaft speed should be
prevented from becoming negative. The trivial case of zero torque (corresponding to zero throttle
setting) produces zero shaft speed.

The bollard pull condition exists when there is a non-zero torque and zero ship speed. Here,
the advance coefficient J is also zero. The values of torque and thrust coefficients (K, ad K;) are
found directly from the open water propeller characteristics at a given propeller pitch setiing,
interpolating between discrete pitch values as necessary. The shaft speed is then given by,

n= Q/(pKQD’) (33).
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The final condition exists when both the torque and ship speed are non-zero. In this case the
factor,

7 ~(s0Vi) (€D)

is computed. This is independent of shaft speed. Knowing the open water propeller characteristics
as a polynomial function of advance coefficients, we can write with the use of equation 34,

0=co+cilq +c;Jé(l - Qi(pD’Vi) ) +eslyt .. +enly (39).

The real root (or roots) is the torque advance coefficient at the current condition of ship speed,
shaft torque, and propeller pitch. The thrust advance coefficient is given from,

¥t -qu,’:?; (36).

The propeller open water thrust coefficient can be obtained from the known J;. snd the polynomial
curve for K. The shaft speed is given by,

n=pe (37

or equation 33 if J=0. If the shaft speed or rate of change of shaft speed is found to «i:ced preset
limits, then it is appropriately down graded to fall within the limits. Since J; and J, were found
from relations independent of shaft speed, those values will not change, hence K, wil' not change
either. However, the engine torque will change, and its new value is computed from,

Q-Kq(pn?D’) (38).

Seakeeping Effects

The six degree of freedom responses are governed by frequercy icmain transfer functions,
calculated using a linear ship motions computer program [20]. i« ; histories for the six degrees
of freedom are geaerated from the amplitude and phase information contained within the transfer
functions,

ni(t) = ? [(Ra, * Cx)cos(wat + vk * £1)] 39).




This gives the motion nat time t where the summation is over discrete frequency values, R, and
tp is the transfer function amplitude and phase at the k® wave frequency, w, is the frequency of
encounter at the k® wave frequency, and Ty is the wave height at the k® wave frequency defined

by

L= [2200 Sy(whdw (40).
A uniformly distributed random phase angle, yx, is included. Equation 39 applies specifically to

long crested seas. Short crested sea responses require ai additional summation over wave
direction [21].

There are 576 individuali six degree of freedom time histories used. They are comprised of
six ship speeds (0 to 10 knots in 2 knot increments), twenty four headings (0 to 345 degreesin 15
degree increments), and four significant wave height/modal period combinations; 1 foot and 7
seconds (Sea State 2), 3 feet and 7 seconds (Sea State 3), 6.2 feet and 9 seconds (Sea State 4),
and 10.7 feet and 9 seconds (Ses State 5). For the MCM, each time history is 10 minutes in length
at 4 samples per seconds and short crested seas are assumed. Each set of time histories are

grouped in data files according to sea state.

Access to the time history data, by the maneuvering simulator, is performed using a data
table look-up with linear interpolation between heading and speed zs needed. However, it should
be understood that linear ship motions theory assumes constant mean heading and constant mean
ship speed. Both the transfer functions and generated time histories are sensitive to speed and
heading variations. Hence, an interpolated time history for a given mode of motion may not
necessarily be the same as a time history derived from a transfer function at that identical speed
and heading.

Interpolation between speed and heading is performed using linear blending functions.
These functions are dependent only on speed or heading and can therefore be used for all modes

of motion without recomputing. For example, the ship speed and relative heading to the waves are
given at discrete values V...,V and Xy,... . A respectively. The blending functions for ship speed




(®) and heading (¥) when interpolating to speed V and heading ) between the i® and the i+1®
speed and {* and j+1® heading are then,

D+1) = 1 - ok

P(i) = 1 - B{i+1)

W) - 1 -

W) = 1 - W(+1) (41).
Intespolating at time t takes place between time history values at speeds i and i+1 and heading j
and j+1,

N(t, V, &) = (08, Viay, Ajet)  WEH) + 08, Vigg, ) » W) » O(i+1) +
[, Vi, hjwa) * WG+ + 0, V, Ag) » PG)]» ©0) (2).

Summary

A description of the mathematical model used in developing a simulator for ship
maneuvering, stationkeeping, and scakeeping has been presented. The model is based on the
concept of & modular ship maneuvering model. This treats the ship hull, rudders, propellers, and
bow thruster as individual components, modeled separately using methods appropriate for esch

Future additions and modification to the mode! are anticipated. The list includes the
addition of roll in the equations of motion, the use vertical axis propellers, towing forces, shallow
water effects, ship-ship interaction effects, ship-shore interaction effects, time varying second
order wave drift forces, and multipie engine models. Another important modification would be 2
more rational approach to the superposition of seakeeping motions on the calm water
maneuvering motions. The computer program which implements the simulator mode! might be
given sutomatic control systems for an auto pilot as well as dynamic positionkeeping. New front
ends to the simulator will also.be developed allowing for a fuily graphical, man-in-the-loop
simulstion.
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